The reaction of closed shell Cl 2 molecules with sub-micron droplets composed of unsaturated molecules, oleic acid (OA), linoleic acid (LA), linolenic acid (LNA), or squalene (Sqe), are investigated in an atmospheric pressure flow tube reactor in conjunction with a vacuum ultraviolet photoionization aerosol mass spectrometer and a scanning mobility particle sizer. Cl 2 is found to react with all particles, and the reactive uptake coefficients depend on the number of unsaturated reaction sites, e.g., . In addition, the chemical evolution of squalene and its chlorinated products reveal that the reaction becomes slower for higher chlorinated products.
Introduction
A great deal of research has been devoted to understand Cl atom chemistry in the atmosphere, motivated in part due to their contribution to the depletion of stratospheric ozone [1] [2] [3] . In addition, Cl atoms are assumed to play an important role in tropospheric hydrocarbon chemistry, especially in the marine boundary layer [4, 5] , the Arctic region [6, 7] , and industrialized coastal areas [8] . Spicer et al. showed that the role of Cl-initiated oxidation might be comparably important to OH-initiated oxidation in coastal and industrialized areas although the global chlorine concentration is considerably lower than that of OH [8] .
In contrast, less attention has been dedicated to understanding atmospheric Cl 2 heterogeneous chemistry, although high levels of Cl 2 have been observed in the Atlantic marine boundary layer (up to 35 pptv at night [9] and up to 400 pptv at early morning and late afternoon [10] ) and in polluted coastal areas (up to 150 pptv at night [8, 11] ). The origin of Cl 2 in the atmosphere can be associated with multiple sources. For example, Cl 2 can originate from anthropogenic sources as a result of oil and metal refining, industrial processes linked with power generation, or large-scale bleaching processes at water treatment plants [12] . Cl 2 can also be formed in situ in the atmosphere through a single-step [13] or multi-step [14- 18] reactions of chloride-containing aerosol particles resulting in a buildup of Cl 2 especially during the night.
Organic material, which comprises a significant fraction (20%-90%) of the total fine aerosol mass in the lower troposphere [19] , can be readily oxidized through heterogeneous reactions by gas-phase radicals or molecules. In this context, details about the heterogeneous reactions between atmospheric oxidants and organic aerosols are of great importance and will help to understand the fate of organic aerosols in the atmosphere.
The atmospheric concentrations of alkenes are drastically impacted by both anthropogenic and biogenic emissions. Alkenes can be found in a variety of fuels and automobile exhaust, as well as in other industrial and agricultural (biomass burning) processes [20, 21] . Biogenic sources of alkenes include emissions from vegetation, soils and the ocean [22] . On the other hand, fatty acids represent some of the most common components found in ambient fine particles originating from multiple sources such as meat cooking, road dust, leaf abrasion and tire wear [23, 24] .
In general, the course of reaction between Cl 2 molecules and alkenes can proceed through several reaction mechanisms. The addition of a chlorine molecule to the double bond of alkenes can be followed by two mechanisms: (i) a singlestep mechanism, called addition mechanism, in which the two chlorine atoms at-tach to the p-orbitals of the C=C double bond as the Cl-Cl bond breaks to yield only the cis product, and (ii) a two-step mechanism, called a polar mechanism, in which the Cl-Cl bond is broken heterolytically and carbonium ion intermediates occur, resulting in the formation of cis as well as trans products. Alkenes bearing a side-chain on the double bond can react (iii) through a substitutive mechanism in which the double bond remains intact while substitution of allylic hydrogen atoms by chlorine atoms takes place.
The reactions between Cl 2 molecules and a variety of alkenes have been investigated under various experimental conditions, and factors such as temperature, reaction medium, solvent, structure of alkenes, and polarity of the electrophile are found to significantly affect the product distribution and the kinetics of these reactions.
The reactions of Cl 2 with alkenes in the liquid phase or in aqueous and organic solutions at ambient or slightly elevated temperature are well-characterized and known to result in the formation of mainly dichloroalkanes as a result of Cl 2 addition to the double bond of alkenes. The reactions are found to proceed either by the addition mechanism (i) or in the case of a polar solvent by the polar mechanism (ii) [25] . However, as the reaction temperature is increased, typically to 400-500 ∘ C, the substitution reaction (iii) with retention of the double bond begins and becomes more prominent. The ambient temperature reaction between Cl 2 and alkenes bearing a side-chain on the double bond, such as iso-butene and other tertiary alkenes, are reported to undergo substitution exclusively, the double bond being retained as such [26] . Many data suggest that simple alkenes and chlorine react slowly, if at all, in the gas-phase at ambient temperature while the primary product is generally the dichloroalkanes [27, 28] . With increasing temperature, the gas-phase reaction between alkenes and Cl 2 also begins to proceed through a substitutive mechanism [26] .
Graham et al. reported the ice-catalyzed reaction of Cl 2 with propene (C 3 H 6 ) [29] . The reaction is observed to proceed by Cl 2 addition to the C=C double bond of propene and formation of 1,2-dichloropropane. The results suggest a heterogeneous sink for Cl 2 in the stratosphere.
Compared to the gas-phase, there are potentially more highly coupled reactions taking place between reactants, products, and intermediates in case of heterogeneous reactions. As a consequence, reactions that normally have low probability in the gas-phase are found to have an enhanced surface reaction probability [30] .
The reaction of Cl 2 with submicron organic particles composed of unsaturated organic molecules has not been investigated. This work considers the kinetics and product formation of the heterogeneous reaction of Cl 2 molecules with unsaturated particles composed of Sqe, OA, LA or LNA. Sqe is a liquid branched alkene with 6 C=C double bonds, while the unsaturated fatty acids (UFAs) OA, LA, and LNA are liquid linear carboxylic acids with 1, 2, and 3 C=C double bonds, respectively. The molecular structures of unsaturated fatty acids and Sqe are shown in Figure 1 .
The reactions of squalene and unsaturated fatty acid particles with a variety of gas-phase species, such as OH, NO 3 , O 3 , and I have been already investigated, as noted next. The kinetics and products of the heterogeneous OH-initiated oxidation of Sqe particles have been measured in this laboratory and compared with the OH initiated oxidation of UFA particles (OA, LA, and LNA) to understand the influence of molecular structure (branched vs linear) and chemical functionality (alkene vs carboxylic acid) on the reaction rates and mechanism [31, 32] . The reactive uptake coefficients of NO 3 by submicron particles containing Sqe or UFAs have been investigated as model systems to understand the atmospheric implications of the heterogeneous chemical processes involving NO 3 [33, 34] . The ozonolysis of UFA particles has been measured and compared [35] [36] [37] [38] . The probability of heterogeneous reaction between O 3 and UFAs are found to be enhanced with respect to the reaction of O 3 with alkenes in the gas-phase. The reaction of iodine atoms with Sqe particles has also been recently investigated in this group and compared with the reaction between I atoms and saturated squalane particles [39] . The reaction of I atoms with Sqe particles results in iodinated products and is found to have a reactive uptake probability of 10 −4 , although the gas-phase reaction of iodine atoms with hydrocarbon molecules is known to be energetically unfavorable.
The heterogeneous reaction of Cl 2 molecules with submicron droplets composed of unsaturated molecules such as OA, LA, LNA or Sqe is investigated here in an atmospheric pressure flow tube reactor with a vacuum ultraviolet time-of-flight aerosol mass spectrometer (VUV-AMS) and scanning mobility particle sizer (SMPS). These systems represent models for heterogeneous interfacial chemistry between a closed shell molecule and unsaturated organic particles. The present work is designed to understand the heterogeneous kinetics and chemical mechanism of the Cl 2 -initiated reaction with unsaturated organic particles as a function of the number of C=C double bonds in the unsaturated molecule that compose the particles, specifically by monitoring the evolution of the reactive uptake coefficients as a function of particle degree of unsaturation (number of C=C double bonds in the molecule that compose the particles). These reactions are expected to proceed by an addition mechanism in which the Cl 2 molecule attacks the C=C double bonds present in the molecules that compose the unsaturated particles.
Methods

Experimental setup
The experiments are carried out in an atmospheric pressure flow tube reactor system schematically displayed in Figure 2 . Details of the experimental setup have been given elsewhere [40] . Briefly, the particles are formed by homogeneous nucleation of the organic vapor in a N 2 stream flowing through a ∼ 45 cm long Pyrex tube containing liquid samples of squalene, linolenic acid, linoleic acid, or oleic acid. The Pyrex tube is heated in a tube furnace to well-defined temperatures to produce a log-normal particle size distribution with a mean surface-weighted diameter between 120 nm to 170 nm. 80.5 ppm Cl 2 is mixed with the aerosol stream in a balance of atmospheric pressure N 2 prior to admission into the flow tube reactor. The mixed gases and particles are then introduced into a 130 cm long, 2.5 cm inner diameter type 219 quartz reactor. The total flow rate through the flow tube is fixed at 0.7-1.5 SLM (standard liter per minute) depending on the required Cl 2 exposure, which corresponds to a reaction time of around 30 to 56 s. All experiments reported here are performed in an O 2 free environment.
The flow exiting the reactor is passed through a small column packed with potassium carbonate (Cl 2 scrubber) to remove Cl 2 and prevent propagation of the reaction beyond the flow tube. Subsequently, a part of the flow is sampled into a custom built vacuum ultraviolet aerosol mass spectrometer (VUV-AMS) to extract information about the chemical composition of the reacted particles. The VUV-AMS measures the aerosol composition by thermally vaporizing the aerosol (∼ 100 ∘ C) followed by tunable VUV photoionization. For the experiments re- The total flow rate through the flow tube reactor is regulated by calibrated MFCs (mass flow controllers). After reaction, the gas stream is sampled by a SMPS (scanning mobility particle sizer) and VUV-AMS (vacuum ultraviolet aerosol mass spectrometer) in order to measure the particle size distribution and aerosol composition.
ported here, the droplets are vaporized and photoionized by 9.5 eV radiation produced by the Chemical Dynamics Beamline at the Advanced Light Source. Part of the flow exiting the reactor, not sampled by the VUV-AMS, is sent to a scanning mobility particle sizer (SMPS, TSI model 3936) to simultaneously measure particle size distribution and number concentration.
Data evaluation
The rate constant for the heterogeneous reaction of unsaturated particles (UP), UP (here UP = squalene, oleic acid, linoleic acid, and linolenic acid) with Cl 2 is quantified by measuring the decay in the relative intensities of the unsaturated particle ion signals in the mass spectrum as a function of Cl 2 exposure. The rate constant ( UP ) for the Cl 2 reaction of unsaturated particles is determined using the standard relative rate method described by Smith et al. [40] , which probes the disappearance of particles.
[UP]
where [UP] and [UP] 0 are the final and initial unsaturated particle concentrations, respectively. [Cl 2 ] represents the concentration of gas-phase Cl 2 molecules in the flow reactor, while is the reaction time that can be determined by dividing the flow volume by the flow rate. Assuming the reaction occurs heterogeneously, an effective reactive uptake coefficient (
) can be defined as the fraction of chlorine molecules colliding with unsaturated particles heterogeneously that results in a reaction. Using the formalism, originally developed by Smith et al. [40] for the reaction of squalane with OH, the reaction probability can be written in our case as follows,
where surf is the mean surface-weighted particle diameter, 0 is the initial compound density (0.858 g ⋅ cm −3 for squalene, 0.9157 g ⋅ cm As the reaction evolves the particle composition changes from pure particle to greater chlorinated species. A direct comparison of the unsaturated squalene particle reaction probability (
) with that of subsequent products, (i.e.
is performed systematically in order to draw a more general conclusion about how the reactive effective uptake coefficient changes as the reaction proceeds and the particle is chemically transformed.
Results and discussion
The present study focuses first on the reaction products and kinetics of squalene +Cl 2 reaction (Section 3.1). The reactions between Cl 2 and unsaturated fatty acids particles are presented in Section 3.2, and the reactive uptake values are calculated and compared, in Section 3.3.
Reaction of Cl 2 with submicron squalene particles
Squalene (Sqe, C 30 H 50 ) is a branched alkene that has six C=C double bonds and contains 8 primary, 16 secondary, and 6 tertiary carbon atoms. Sqe represents an ideal model system to mimic the variety of reactive carbon sites typically found on hydrocarbon surfaces and that may also occur in ambient organic aerosols. Figure 3 displays the 9.5 eV photoionization mass spectra of squalene (a) before and (b) after Cl 2 exposure. No peaks with masses higher than squalene are observed in the absence of Cl 2 , see Figure 3 (a). When Cl 2 is added into the flow tube, the squalene peak decreases and is accompanied by the formation of higher molecular weight products as observed in the aerosol mass spectrum. The number of chlorinated products formed during the reaction is observed to increase with increasing Cl 2 exposure. As can be seen in Figure 3 (b), up to seven groups of higher molecular weight masses, separated by 34 amu, are observed for the highest Cl 2 exposure measured in the present experiment. Based on the mass difference from the squalene molecular ion peak to the higher molecular weight product peaks observed in the experiment, the newly formed peaks appear to correspond to products in which a H atom(s) is(are) replaced by Cl atom(s) for each reaction. For simplicity, these products are further referred to as (Sqe − nH)Cl , where = 1-7 designates the number of H atoms missing from the Sqe molecule and the number of Cl atoms added to the Sqe molecule, respectively. As fragmentation patterns and photoionization efficiency may depend on the identity of the neutral product molecules, it is difficult to draw any conclusion about absolute product yield based on the relative peak intensities in the product mass spectrum.
Similar to the reactions of alkenes with Cl 2 in the gas-phase [26, 27] , we anticipate that the initial step of the ambient temperature heterogeneous reaction between Cl 2 and Sqe particles involves Cl 2 addition. Thus, two chlorine atoms add to the p-orbitals of one of the squalene C=C double bonds as the Cl-Cl bond breaks to create an activated complex. The energized complex could undergo dissociation again or be stabilized by collisions. The larger the molecule, the longer lived will be the addition complex, favoring stabilization.
The formation of the ionic -complex intermediates in halogen addition is unfavorable in this case due to the absence of polar solvent, and consequently the polar mechanism seems unlikely. As already mentioned, apart from the liquidphase reactions where a substitutive mechanism was observed to be the initiation step in the room temperature chlorination of tertiary alkenes, in all the other cases the substitutive mechanism only starts playing a role when the reaction temperature is increased. Since the reaction between squalene particles and Cl 2 was investigated here under ambient temperature conditions, we anticipate that the substitutive mechanism should not play any role in the chlorination reaction. However, we cannot exclude the possibility that the substitutive reaction might become important once the chlorinated squalene products are formed, which might present a different reaction behavior from that of Sqe. Primarily, we consider that Cl 2 addition to C=C double bond is the most favorable reaction mechanism.
Within the signal-to-noise of the experiment, no products that correspond to the formation of Sqe(Cl 2 ) (with = 1, 2, 3, . . .) are observed in the recorded product mass spectra. However, dissociative photoionization is a likely process for any Sqe(Cl 2 ) addition products that are formed prior to the mass detection step. Dissociative photoionization has been observed to be the dominant process in a series of experiments performed in our laboratory where the reaction of Cl radical with submicron squalane droplets was investigated [41] . For smaller dichlorinated hydrocarbons, such as 1,2-dichloroethane, HCl elimination upon photoionization represents a significant dissociation pathway [42] . Furthermore, the electron impact mass spectra of small dichlorinated hydrocarbons produces hydrocarbon fragments consistent with HCl elimination, providing further evidence for this channel [43] . It is therefore very likely that a similar dissociative photoionization pathway occurs for the chlorinated addition products of squalene observed here, and for example, (Sqe − H)Cl ( / = 444) may be the fingerprint of the SqeCl 2 ( / = 480) molecule, which undergoes dissociative photoionization and eliminates HCl. In this context, what appears to be reaction products in which a H atom(s) is(are) replaced by a Cl atom(s) for each reaction is likely the fingerprint for the next dichloro addition species that is dissociatively ionized.
Apart from the (Sqe − nH)Cl chlorinated products, peaks with two mass units smaller than the (Sqe − nH)Cl products are also observed in the mass spectrum (Figure 3b ). These peaks can be attributed to species in which not just one HCl molecule, but multiple HCl molecules are eliminated from neutral species in order to reach a final product after the formation of energetically unstable highly chlorinated squalene species (Sqe(Cl 2 ) , = 2, 3, 4, . . .). Moreover, a HCl molecule can also be eliminated via dissociative photoionization of (Sqe − nH)Cl during the photoionization step. In this case, the Sqe − 2H reaction proceeds through a very complex series of events and due to the time scale of the present experiment it is not certain that we are able to observe the elementary steps of this reaction. As a result several kinetic behaviors could look similar.
Furthermore, peaks with mass slightly higher than squalene, i.e., / = 411, 412, and its chlorinated products, i.e., / = 445, 446, 479, 480, etc. are also observed. The nature of these peaks can be explained by the natural isotopic abundance of 13 C and 37 Cl isotopes of squalene and its chlorinated products. The relative intensities of isotopic peaks are consistent with the carbon chain length given the instrumental uncertainty. The instrumental uncertainty is estimated on the basis of the background noise signal of the AMS (a maximum of 1 count per s) in the present experiment. Any variation in the ion peak intensity of ≤ 0.02% is considered instrumental uncertainty.
The Cl 2 molecule appears to be unreactive towards saturated hydrocarbon particles. Previous reports from our laboratory, where Cl 2 was used as a precursor for Cl radical initiation reaction, revealed no evidence for product formation between saturated squalane particles and Cl 2 , when no photolysis lamps were used (the lamps initiate the Cl radical formation) [41] . Squalane (C 30 H 62 ) is a saturated hydrocarbon that has a similar structure to that of squalene investigated in these studies. Although the results observed in the case of squalane particles suggest that the Cl 2 molecule is essentially inert toward saturated bonds, the presence of the C(sp 3 )-H bonds in the squalene structure that are allylic in character and, as a consequence, have a significant lower bond energy makes those bonds more reactive than their equivalent in squalane. Squalene has a total of 44 H atoms from C(sp 3 )-H bonds that are allylic in nature, since they are attached to C atoms that are adjacent to C=C double bonds. Reaction of Cl 2 towards the allylic sites of squalene might be a reason why products that seem to require more than six Cl 2 additions are observed in the mass spectrum. In summary, the experimental results suggest that the reaction most likely proceeds through an addition mechanism in which the Cl 2 molecules sequentially attack the six C=C double bonds of Sqe to form energetically unstable highly chlorinated squalene species Sqe(Cl 2 ) * , which undergo further losses of HCl as follows:
This mechanism does not consider any structural changes or any changes in the reactivity that might occur after Cl 2 is added to the squalene molecules. In addition, we cannot exclude the existence of additional pathways or very fast intermediate steps that cannot be detected in the time scale of the present experiment.
In order to reveal new insights about the mechanism of Sqe reaction with Cl 2 , kinetic measurements are also performed. In all experiments reported here, where kinetics are measured, the Cl 2 exposure is varied by keeping the flow rate (i.e. reaction time) constant and varying the Cl 2 concentration. Figure 4 displays the kinetic evolution of (a) Sqe + and its first four generation major chlorinated products, (b) (Sqe − H)Cl + , (c) (Sqe − 2H)Cl 
Reaction of Cl 2 with linolenic acid, linoleic acis, and oleic acid particles
The single-component UFA particles investigated in the present study, i. probability. In addition, the comparison between the Sqe particles and UFA particles might reveal the influence of chemical functionality (alkene vs carboxylic acids) on the heterogeneous reaction probability.
The 9.5 eV photoionization product mass spectra recorded after the reaction of LNA, LA, and OA with Cl 2 are displayed in Figure 5(a), (b) , and (c), respectively. A close inspection of the recorded product mass spectra in Figure 5 reveals that the major products are similar to that of Sqe, i.e. the reaction products appear in groups of 6 to 7 peaks, generally separated by 34 amu, apart from the last group of product peaks of LNA, which is separated by 36 amu (see Figure 5a ). In addition, the number of observed products for each UFA particle appears to match the number of C=C double bonds in the unsaturated fatty acid that compose the particles. For instance, the LNA product mass spectrum displayed in Figure 5 (a) presents three clusters of product peaks, the first two being separated by 34 amu while the last one is separated by 36 amu. Based on the exact mass difference from the LNA molecular ion peak, the product peak at mass / = 312 corresponds to addition of a Cl 2 molecule to one of the double bonds of LNA followed by HCl elimination during ionization. This mechanism repeats for every double bond of LNA resulting in peaks in the mass spectrum that have the (LNA − nH)Cl configuration. However, as already mentioned above, the last group of peaks appear to be separated by 36 amu (see Figure 5a) . This mass at / = 382 might correspond to the (LNA − H)Cl Similar to the case of squalene, the peaks in Figure 5 (a) with two mass units smaller than the major products might be attributed to products in which multi- The VUV photoionization product mass spectra obtained after the reaction of Cl 2 with (a) linolenic acid droplets, (b) linoleic acid droplets and (c) oleic acid droplets, respectively. The mass spectra were recorded at a photoionization energy of 9.5 eV. The red insert shows the exact mass difference from the unsaturated fatty acid parent ion to the main peak in each group of reaction products.
ple HCl molecules are eliminated as a result of dissociative photoionization of the chlorinated parents. For instance, LNA − 2H
+ is the fingerprint of the LNACl 2 molecule that undergoes dissociative photoionization and eliminates two HCl molecules. Both, (LNA − H)Cl + and LNA − 2H
+ are observed to follow the same kinetic behavior, which suggests that both products originate from a LNACl 2 molecule that loses one and two HCl molecules during ionization. In addition, groups of low intensity peaks with / = 290, 292, 324, 326, 328, 360 and 362 are also observed in the product mass spectrum of LNA (Figure 5a) . These peaks follow the kinetic behavior of the higher molecular weight reaction products and consequently are attributed to their fragmentation produced during the ionization process. Similar mass spectra are also observed for linoleic acid (Figure 5b ) and oleic acid (Figure 5c ) particles after reaction with Cl 2 molecule.
As shown in Figure 1 , the structure and the composition of UFAs are different from that of squalene molecule, i.e. UFAs have no tertiary carbons, but instead have a carboxylic acid functional group in their composition. In order to understand the carboxylic acid functional group contribution to the observed reactivity of the UFAs, the reaction of particles composed of stearic acid with Cl 2 was investigated under similar experimental conditions. Stearic acid (C 18 H 36 O 2 ) is a saturated fatty acid with a similar backbone structure as LNA, LA and OA, but without C=C double bonds. No reaction products are observed within the signal-to-noise of our experiment even when the Cl 2 concentration is drastically increased. This suggests that the Cl 2 molecule is unreactive towards carboxyl function groups.
As we already discussed in Section 3.1 the saturated hydrocarbon particles appear to be inert toward reaction with Cl 2 within the signal-to-noise of our experiment. In this context, the chlorination mechanism of the UFA particles by Cl 2 is proposed to be similar to the reaction mechanism proposed for chlorination of squalene particles. Thus, Cl 2 sequentially adds to the C=C double bond(s) present in the UFAs that compose the particles. Subsequently, the chlorinated UFA complexes eliminate HCl during the ionization detection. However, as in the case of squalene we cannot exclude a possible contribution from the reac-tion of Cl 2 towards the allylic sites of UFAs once the first chlorinated products are formed.
Although the detailed mechanism for Cl 2 reactions with these three UFAs are expected to be similar, more products can be formed by those with multiple double bonds (LNA and LA) than by OA and these products may have different properties, i.e. thermal stability, ionization potential, etc.
Similar to the Sqe case, the decays in the relative intensity of the UFA ion peaks in the mass spectrum are measured as a function of Cl 2 exposure in order to determine the reactive uptake coefficient. Figure 6(a) Figure 6 (a) represent the fits to the experimental data. The kinetic evolution of (Sqe − H)Cl, (Sqe − 2H)Cl 2 , (Sqe − 3H)Cl 3 and (Sqe − 4H)Cl 4 reaction products displayed in Figure 4 (b), (c), (d) and (e) are also fitted using eqn. 3 in order to approximate the rates of formation of these products relative to the reaction rate of Sqe. Equation 3 describes a sequential oxidation mechanism in a particle that is well mixed on the time scale of the reaction.
Reactive effective uptake coefficients
In eqn. (3), Sqe represents the second order heterogeneous rate constant while n denotes the product generation. For unreacted Sqe = 0. n is an adjustable parameter to account for differences in isotope abundance, VUV photoionization efficiency, and fragmentation patterns of the oxidation products and
Sqe.
The kinetics of consecutive reactions are difficult to deconvolve and for certain reactions we cannot distinguish between the reactive uptake coefficients.
To approximate the reaction rates of (Sqe − H)Cl, (Sqe − 2H)Cl 2 , (Sqe − 3H)Cl 3 and (Sqe − 4H)Cl 4 products relative to the reaction rate of Sqe, the kinetic evolution of chlorinated products is represented using a rate constant ( ) that is smaller than the measured rate ( Sqe ) for Sqe. For simplicity, the reaction rate coefficients of first, second, third and fourth generation products of Sqe are assumed to be . Model fits to the (Sqe − H)Cl and (Sqe − 2H)Cl 2 , (Sqe − 3H)Cl 3 , and (Sqe − 4H)Cl 4 experimental data are displayed in Figure 4(b) -(e) as solid lines. The kinetic behavior of (Sqe − H)Cl and (Sqe − 2H)Cl 2 , (Sqe − 3H)Cl 3 , and (Sqe − 4H)Cl 4 is best captured by using a rate that is 30 ± 6% slower than Sqe measured for Sqe. Thus, the reaction rate coefficients are found to decrease as reaction progress.
The effective initial reactive uptake coefficients of unsaturated fatty acids, OA, LA, and LNA, were determined in a similar manner as described for the Sqe particles. Thus, the determined values of the effective reactive uptake coefficients are: system in the gas-phase and provides strong evidence that Cl 2 preferentially attacks the C=C double bond of these unsaturated molecules. However, this trend is in contrast to some recent studies where the reactive effective uptake coefficient of OH and NO 3 by unsaturated fatty acids has been found to be larger than the reactive effective uptake coefficient measured for Sqe [31, 32, 34] . In the case of the OH oxidation reaction, the value of the Sqe reactive effective uptake coefficient is much larger and has been found to be smaller than the one calculated in the case of LA and LNA particles. This was attributed to the differences in the reactive uptakes of OH radicals at the particle surface and particle-phase secondary reactions, and O 2 was suggested to promote chain prop-agation in the case of OH + squalene reaction, and chain termination in the case of OH + unsaturated fatty acid reactions [31, 32] . The values of the reactive uptake coefficients for the reaction of NO 3 with unsaturated fatty acids (OA, LA, LNA) have been also reported to be higher than that measured in the case of Sqe particles [33, 34] . The larger reactive uptake coefficients measured for UFAs was attributed to either an additional contribution to the reactivity from the extra carboxylic acid functional group in unsaturated organic acids, or from secondary reactions. However, the degree of contribution from the extra carboxylic acid functional group remained unclear.
As already discussed above, the carboxylic functional group does not seem to play a role in the reaction between Cl 2 and unsaturated fatty acids particles while the contribution from secondary reaction might be small in the case of such slow reactions. Therefore we assume that the observed reaction products after the reaction between Cl 2 molecule and UFAs are exclusively due to the Cl 2 attack on the C=C double bonds present in the molecules that compose the particles. This is in agreement with some studies that report the reaction between O 3 and UFAs (OA, LA, and LNA) to proceed through an addition mechanism in which the C=C bonds of UFAs are directly attacked by the ozone molecule [35] [36] [37] [38] . The reactive uptake coefficient of ozone with UFAs has been reported to increase with the degree of unsaturation among these three UFAs, similar to the present results. In addition, the ozonolysis of UFA particles indicated an enhanced rate of reaction compared to the analogous gas-phase reactions.
The values of the reactive effective uptake coefficient (∼ 10 −4 ) measured in the present study indicate that on average only one molecule is reacted in a particle per 10 000 collisions between Cl 2 molecules and the unsaturated particles. Therefore, Cl 2 molecules might diffuse within the particle instead of directly reacting with or scattering from the particle surface. The reaction of another halogen, iodine, with squalene particles was investigated in our laboratory under similar experimental conditions. Although the I 2 molecule itself (used as photolytic precursor for I atom production) was found to be unreactive towards unsaturated squalene particles, within the signal-to-noise, the reaction of I atoms with squalene particles results in observable iodinated squalene products. Despite the fact that similar gas-phase reactions are expected to have extremely low probability, the reaction of I atoms with squalene particles has been found to take on a probability of 10 −4 due to the trapping and consequently the multiple interactions of the I atoms into the squalene aerosol particles.
Based upon the calculated value of reacto-diffusive length ( RD ) of Cl 2 molecule into Sqe ( RD = 76 nm), which has a value comparable to the parti-cle radius, it is likely that the observed reaction between squalene particles and Cl 2 molecules is also due to the long time trapping of Cl 2 molecules in the particle, which considerably increases the probability of an encounter of the Cl 2 molecule with a C=C double bond. The trapping and consequently the multiple interactions of the reagents, i.e., 10 000 collisions or more, in the aerosol particles are considered also here to be the key to why chlorinated particles are formed at room temperature just in the aerosol particle and not in the gas-phase.
Similarly, the reactivity of UFA particles toward Cl 2 is consequently explained based on the multiple collisions that Cl 2 experiences during the diffusion in the particle.
Conclusion
The heterogeneous reaction of Cl 2 molecule with particles composed of unsaturated molecules such as oleic acid, linoleic acid, linolenic acid or squalene are analyzed using an aerosol mass spectrometry technique to investigate the influence of the number of C=C double bonds in the molecule that compose the particle on the particle reactivity. All the investigated unsaturated particles are found to slowly react with Cl 2 molecules, and chlorinated molecules are formed and detected. The reactions are found to proceed by an addition mechanism in which the Cl 2 molecule attacks the C=C double bonds present in the molecules that compose the unsaturated particles. The reactive effective uptake coefficient is found to increase with the number of C=C double bonds present in the unsaturated molecule that compose the particle from (0.23 ± 0.01) × 10 products reveal that the reaction becomes slower for higher generation products. Although similar gas-phase reactions are expected to have extremely low probability, the reactions of the Cl 2 molecules with unsaturated particles composed of Sqe, LNA, LN and OA take on a probability of 10 −4 due to the trapping and consequently the multiple interactions of the Cl 2 molecule into the unsaturated particles.
